To assess the preservation of the nitrogen isotope composition in reef corals, nitrogen isotopes in a 18 well-preserved Pliocene fossil coral (located in the Tartaro formation on Luzon Island, Philippines 19 (14°N, 121°E)) and in a modern coral (Kochi, Japan (32°N, 132°E)) were analysed using stepwise 20 heating methods. The thermal decomposition of aragonite triggered the largest release of nitrogen 21 at 700 ℃ for the modern coral and 550 ℃ for the Pliocene coral. The highest rate of nitrogen gas 22 emission occurred at the aragonite collapse temperature, indicating that organic nitrogen was 23 bound within the intra-crystals of coralline aragonites in both corals. After the aragonite collapsed 24 in both corals, the nitrogen isotope ratios increased due to fractionation and then decreased to 25 values similar to those observed in bulk samples of the modern (+10.1%) and Pliocene (+4.4%) 26 corals. These results suggested that fresh organic nitrogen was released due to the decomposition 27 of the internal skeletal structure at higher temperatures (900-1000℃). Nitrogen isotopes in coral 28 skeletons were preserved in intra-crystal aragonite, even in a Pliocene fossil, and stepwise heating 29 methods were shown to be useful for determining the preservation of coralline nitrogen isotopes. 30
Introduction 33
The nutrient cycle in surface oceans regulates primary production, which influences the carbon 34 
According to the fossil records, corals belonging to the Anthozoa class originated in the 44
Palaeozoic era (Scrutton, 1997) , and scleractinian corals appeared in the middle of the Triassic 45 period (~237 Ma) (Stanley and Fautin, 2001). Muscatine et al. (2005) showed that the nitrogen 46 isotope composition in Triassic coral skeletons is similar to that of modern symbiotic coral 47 skeletons. The authors suggested that Triassic corals possessed symbiotic algae and preserved the 48 nitrogen isotope composition in their intra-crystal skeletons. However, few studies have explored 49 the application of nitrogen isotope proxy records in fossil corals over long periods of time because 50 methods that can be used to confirm that organic nitrogen was preserved in intra-crystal coralline 51 aragonites have not yet been developed, even in fossils. In the present study, the preservation of 52 the nitrogen isotope composition in modern and fossil corals was examined using stepwise heating 53 analysis. Stepwise heating methods have been used in the analysis of noble gases and nitrogen in 54 rock samples (e.g., Reynolds et al., 1970; Sano and Pillinger, 1990 ). This technique has been 55 applied to nitrogen isotopes of modern coral by Uchida et al. (2008) to detect trace nitrogen in 56 coral skeletons. We divided the heating process into seven steps (200℃ to 1000℃) to determine 57 the aragonite collapse temperature and the nitrogen isotope ratios preserved in extra-and 58 intra-crystalline aragonite. We used well-preserved Pliocene fossil corals (3.5-3.8 Ma) collected 59 from Luzon Island, Philippines, which is located in the western Pacific warm pool. In the middle 60 of the Pliocene epoch, the annual mean temperature was 2-4℃ warmer than that under 61 preindustrial conditions (Haywood and skeleton (10×40×7 mm) containing 5 annual bands was cut from the coral colony and powdered 72 using an agate mill to obtain a heterogeneous powder. To remove any organic materials attached 73 to the outer crystals, the coral powder was placed in polypropylene tubes, soaked in NaOH (2 N) 74 and placed inside a dry bath (60℃). Treatment times of 0, 0.5, 1, 2, 3, and 5 hours were tailored to 75 capture intra-crystalline nitrogen. During the treatment process, NaOH and coral powder were 76 mixed once every hour using the tube mixer. At each treatment step, the nitrogen isotope content 77 was determined in 5 samples, and those that exhibited a poor recovery rate during the chemical 78 conversion process were excluded from further analysis. The δ 15 N coral and total nitrogen content 79 varied widely, especially when the samples were not cleaned (Fig. 1) 
Fossil coral specimen 87
Porites specimens were excavated from the Tartaro formation located on Luzon Island, 88
Philippines (14°N, 121°E). A previous study on the nanofossil assemblages showed that the age of 89 the fossils was approximately 3.5-3.8 million years old (Watanabe et al., 2011). The 90 well-preserved fossil coral was selected by conducting a diagenetic alteration test using X-ray 91 radiography, X-ray diffraction analysis, microanalysis of thin sections via high-energy 92 synchrotron X-ray diffraction, scanning electronic microscopy observations, and optical 93 microscopy observations (Watanabe et al., 2011). Oxygen isotopes (δ 18 O) were preserved without 94 diagenetic alteration from aragonite to calcite. We used a fossil coral without diagenetic 95 alterations to determine the intra-crystalline nitrogen content using stepwise heating methods. 96
Stepwise heating methods 97
Cubic samples of modern and fossil corals were obtained from each colony, cleaned using milli-Q 98 water in an ultrasonic bath for 20 minutes and dried in an oven (40℃) for 2 days. Rectangular 99 samples 5×3×3 mm in size, which captured approximately 1 year of calcification, were used to 100 adjust the estimated quantity of nitrogen to the mass spectrometer. The sample weights of modernand fossil corals were 17.89 and 17.93 mg, respectively. Each cubic sample was loaded into a 102 double-walled quartz glass tube and placed overnight in a furnace equipped with a resistance wire 103 under vacuum. A solid cube sample was used to reduce blank effects. Each sample was heated 104 stepwise to temperatures of 200, 450, 550, 700, 800, 900, and 1000 ℃ over 4 days (2 steps/day). 105
After the sample was heated for 90 minutes at each step, the nitrogen and argon gases released 106 from the samples were directed to a purification vacuum line designed to measure molecular 107 nitrogen at the sub-nanomole level (Takahata et al., 1998). The procedure used for the purification 108 of nitrogen gas is shown in Fig. 2 . Carbon dioxide (CO 2 ) and water (H 2 O) were trapped using 109 liquid nitrogen (cold trap 1). Carbon monoxide, hydrocarbons, and hydrogen were then oxidised to 110 CO 2 and H 2 O using pure oxygen produced by a copper oxide finger heated to 850℃ and a 111 platinum foil catalyst heated to 1000℃. To resorb excess oxygen, the copper oxide furnace was 112 cooled to 600℃ and finally to 450℃. In this deoxidised state and in the presence of the platinum 113 foil catalyst, nitrogen oxide gas was deoxidised to nitrogen gas (N 2 ). CO 2 and H 2 O were adsorbed 114 in cold trap 2 during the cooling of the copper oxide finger. A quadrupole mass spectrometer 115 (QMS; HAL201, Hiden Analytical) was used to determine the sample size introduced to the mass 116 spectrometer. The dilution process was repeated to obtain the proper sample volume. To detect the 117 isotopes of trace nitrogen gas at the sub-nanomole level, we used the high-sensitivity static 118 vacuum mass spectrometer (a modified VG3600, VG Micromass Ltd.) at the Atmosphere and 119
Ocean Research Institute at the University of Tokyo. Nitrogen gas calibrated to nitrogen in air 120 (δ 15 N=0%) was analysed before and after each sample. Repeated analysis of the standard over the 121 course of 20 days showed that the overall reproducibility was 0.25% (Takahata et al., 1998). After 122 the most recent sample was evaluated at 1000℃, blank analyses were performed at 450℃ and 123 1000℃ to estimate the background noise. 124
Results and Discussion 126
During the stepwise heating of the modern coral (Fig. 3a) , the nitrogen concentration released 127 from 200 ℃ to 550 ℃ was negligible (less than 1 ppm, where ppm is the parts per million of 128 calcium carbonate). The nitrogen concentration was 41 ppm at 700 ℃, 27 ppm at 800 ℃, 26 ppm 129 at 900 ℃, and 5 ppm at 1000 ℃. The total nitrogen concentration in the modern coral skeleton 130 was 98 ppm. The δ 15 N coral ratios in the modern coral were +5.3% at 700 ℃, +11.4% at 800 ℃, 131
+15.9% at 900 ℃, and +11.4% at 1000 ℃. The nitrogen/argon ratios (N 2 /Ar) in the isotope 132 analysis of the modern coral were 6980 at 700 ℃, 6771 at 800 ℃, 7563 at 900 ℃, and 1385 at 133 1000 ℃, indicating that the effects of air contamination (N 2 /Ar: 83) were negligible. The bulk 134 δ 15 N coral ratio in the modern coral, which was calculated using the expression shown below, was 135 +10.1±0.9 (2σ)%. The nitrogen released from the Pliocene coral skeleton (Fig. 3b) was less than 1 ppm at 200 ℃. At 143 the 450 ℃ step, only a small amount of nitrogen was released (5 ppm). Subsequently, the 144 concentration of nitrogen was 21 ppm at 550 ℃, 14 ppm at 700 ℃, 9 ppm at 800 ℃, 7 ppm at 145 900 ℃, and 18 ppm at 1000 ℃. The δ 15 N coral ratios of the Pliocene coral were -0.5% at 450 ℃, 146 -0.7% at 550 ℃, +2.9% at 700 ℃, +14% at 800 ℃, +6.9% at 900 ℃, and +5.9% at 1000 ℃. The 147 nitrogen/argon ratios (N 2 /Ar) in the isotope analysis of the Pliocene coral were 3389 at 550 ℃, 148 nitrogen, a simple test can be performed. Namely, a plot of δ 15 N coral ratios remaining in the sample 167 versus the amount of nitrogen remaining in the sample can be created using Rayleigh's law (Fig.  168 4., e.g., Boyd et al., 1993) . COCs indicated high concentrations of sulphur-bearing organic molecules (amino acids and 187 sugars) and magnesium, which are more likely to fractionate in COCs than in fibres. Therefore, 188 the organic matrix should be preserved in the inner skeletal structures that collapsed at higher 189 temperature steps (900℃-1000℃). In the Pliocene coral, the nitrogen fraction at the 1000℃ step 190 was greater than that at the (900℃) previous step. This result suggests that nitrogen had been 191 firmly preserved in the aragonite skeleton of the Porites coral since the Pliocene epoch.
Although Nitrogen isotope ratios (δ 15 N ‰) 
